The aim of this study was to evaluate the effect of reinforcing polyaromatic polyamide (aramid) fibers with various orientations on the flexural properties of denture base resin. Aramid fibers with four orientations of unidirectional, woven, non-woven and paper-type were pre-impregnated and placed at the bottom of a specimen mold. Heat-polymerized denture base resin was packed over the fibers and polymerized. A three-point bending test was performed using a universal testing machine at a crosshead speed of 5 mm/min. The flexural strengths and flexural moduli of the unidirectional and woven groups were significantly higher than those of the control and other experimental groups. For the flexural moduli, all experimental groups showed significantly higher reinforcing effects than the control group. In conclusion, the unidirectional group located perpendicular to the direction of the load was most effective in reinforcing the denture base resin, followed by the woven group.
INTRODUCTION
Denture fractures are one of the most common clinical problems in the field of prosthodontics and are mainly represented by two patterns, fatigue failure and impact failure 1) . Fatigue failure occurs as a consequence of the repeated flexing of dentures under masticatory forces [2] [3] [4] . This type of failure can be caused by the propagation of microscopic cracks initiated in the areas of stress concentration 5) . Impact failure occurs as a result of a sudden blow to a denture or accidental dropping of a denture during cleaning, coughing or sneezing 4, 5) . The conventional method for fortifying denture base resin is the addition of metal wires or plates to the denture base. However, metal reinforcing materials are problematic in terms of the lack of their bond strength with the resin matrix and the stress localization 6) . To solve these problems and to enhance the mechanical properties of denture base resin itself, the addition of cross-linking agents, rubber particles and fillers in the resin matrix have been suggested [7] [8] [9] . Recently, various kinds of fibers have been used to reinforce the denture base resin 10, 11) . Fiber-reinforced composite (FRC) is composed of the matrix and the dispersed phase, which includes materials such as fibers. Each phase is chemically different and separated by a distinct interface 12) . FRC is employed to improve the mechanical properties of the resin by embedding fibers into the resin matrix 13) . Carbon, glass, ultra high molecular weight polyethylene (UHMWPE) and polyaromatic polyamide (polyphenylene terephthalamide; aramid) fibers can be used as the reinforcing fibers for FRC. Among these, carbon fiber is difficult to use in denture base due to its aesthetically unappealing dark color 10) . Therefore, glass, UHMWPE and aramid fibers might be aesthetically preferable materials than carbon fibers for this purpose. Many studies have examined glass fiber reinforcements because glass fibers have good aesthetic properties and favorable mechanical properties 10, [14] [15] [16] . Glass fibers have a high tensile strength (3.45 GPa), but their elastic modulus is not high (72.5 GPa), and the tensile strength of UHMWPE fibers are the lowest (2.6 GPa) and the elastic modulus is 117 GPa 12) . Aramid fibers are strong and stiff with a high tensile strength (3.6-4.1 GPa) and elastic modulus (131 GPa) 12) . Aramid fibers are used in bulletproof vests, aircraft wings, tires and other materials 13, 17) . It has been reported that aramid fibers have been shown to increase the impact strength of polymethyl methacrylate (PMMA) resin significantly and to enhance the fracture resistance of acrylic resin [17] [18] [19] . The fiber type, the diameter and the length of the fiber, the weight ratio of resin to fiber, the location and orientation of the fibers in the resin matrix, the adhesion between the fibers and the resin matrix and the pre-impregnation of fibers play a crucial role in the reinforcing effect of the resin matrix [20] [21] [22] . There have been many studies on the effects of the concentration and orientation of glass fibers on the reinforcement of denture base resin [23] [24] [25] [26] . For aramid fibers, there are only few studies that have tested the effect of fiber concentration on the reinforcement of denture base 10, 11) . However, studies addressing the effect of the orientation of aramid fibers on denture base reinforcement have not yet been published to the authors' knowledge.
The goal of this research was to determine which orientation of aramid fibers, unidirectional, woven, nonwoven or paper-type, is most effective for reinforcing denture base resin. The tested null hypothesis was that the reinforcing effects of aramid fibers with unidirectional, woven, non-woven and paper-type orientations are not different in the reinforcement of denture base resin in terms of the flexural properties.
MATERIALS AND METHODS

Specimen preparation
In this study, heat-polymerized denture base resin (Vertex RS, Vertex Dental B.V., Zeist, Netherlands) was used as the denture base resin. Three orientations of aramid fibers were tested: unidirectional, woven and random. The random orientation was subdivided into the nonwoven and paper-type groups (Table 1) . Unidirectional, woven and non-woven fibers are commercial products from Kolon Inc. (Gumi, Korea). The paper-type fibers were fabricated by grinding unidirectional aramid fiber (Heracron filament fiber, KOLON Inc., Gumi, Korea) in our laboratory. Each fiber type was examined with photography and scanning electron microscope (JSM-6360, JEOL Ltd., Tokyo, Japan) to observe the structure of the fiber orientation and to measure the fiber diameter (Fig. 1) . The diameter of each fiber was measured using Smile View program (version 2.05, JEOL Ltd.) of the scanning electron microscope. Each group of fibers was prepared with a similar volume percentage. Using the density determination kit (YDK01, Sartorius AG, Goettingen, Germany), the density and weight of each fiber were measured. The volume percentage of each fiber was calculated from the data of fiber density and weight. The information of each fiber and the measured fiber diameter, density and volume percentage are listed in Table 1 . In preparing the unidirectional group, aramid fibers were aligned unidirectionally on a polytetrafluoroethylene (PTFE)-coated glass fabric (Biscor-Tex 13-260, Biscor, West Yorkshire, UK) and fixed by heat-polymerized denture base resin with the lowest low powder/liquid (P/L) ratio of 3 g/9 g. Then, these fibers were cut to a size of 64×50 mm ( Fig. 1(a) ). The woven and non-woven fibers, both of which are ready-made sheet types, were cut into the same size as those of the unidirectional group ( Fig. 1(c, e) ). The paper type fibers were made using the wet-laid non-woven process 27) . Briefly, unidirectional aramid fibers were cut into small pieces of 3-4 mm and then ground three times for five minutes each using an ultra-fine friction grinder (Supermasscolloider, Model MKZA 10-15J, Masuko Sangyo Co. Ltd., Japan) at 900-1,000 rpm to fibrillate the surface of the fibers. One and a half grams of ground fibers were added to 2 L of water with 0.1 g/L polyacrylamide (PAM) and 0.2 g/L diallyldimethyl ammonium chloride (DADMAC) as cohesive and dispersing agents, respectively. The fiber dispersion was filtered with stainless steel mesh and then dried until a paper of approximately 0.35-0.4 mm thickness was formed. The paper-type fiber sheet was cut the same as those of the other experimental groups ( Fig. 1(g) ). For woven, non-woven and paper type, only one layer of fiber sheet was applied for each specimen.
According to ISO 20795-1:2008 (Dentistry-Base polymers-Part 1: Denture base polymers), dental stone molds (65×50×5 mm) were prepared in denture flasks using a brass metal die 28) . A mixture of polymer and monomer with a low P/L ratio of 4 g/8 g was applied into the mold to pre-impregnate the fibers. Then, each fiber layer prepared was dipped into the resin of the mold ( Fig. 2(a) ). After a mixture of polymer and monomer with the normal P/L ratio of 12.9 g/5.7 g recommended by the manufacturer was allowed to reach the dough stage, it was kneaded for 30 s and packed over the fibers in the mold. The flask was then immersed in a water bath (M-9, MESTRA, Bilbao, Spain). The temperature was raised to 74°C and maintained for two hours and then increased to 100°C and maintained for one hour. After the completion of the polymerization cycle, the flask was allowed to cool at room temperature for 30 min and was then placed under flowing water for 15 min. After deflasking, the thickness of the specimens were reduced to 3.3 mm with a series of abrasive papers (200, 400, 600, 800 and 1,200 grit) using a grinder-polisher (METASERV, Buehler, Coventry, England). According to ISO 20795-1, the specimens were then cut to a final size of 64×10×3.3 mm using a low-speed saw (ISOMET, Buehler, Lake Bluff, IL, USA) ( Fig. 2(b) ) 28) . As a control group, heat-polymerized denture base resin alone was used. Ten specimens for each group were prepared. Before testing, the specimens were stored in a water bath at 37°C for 50 h according to ISO 20795-1 28) .
Three-point bending test
The specimens were located on the supports of the three-point bending jig on a universal testing machine (Z020, Zwick, Ulm, Germany) with the fiber-reinforced part positioned to be tension side. The fibers of the unidirectional group were positioned perpendicular to the long axis of the load. The flexural strength and flexural modulus of each specimen were measured in a three-point bending mode at a crosshead speed of 5 mm/min. The span of the two supports was 50 mm. The flexural strength (σ) and the flexural modulus (E) were calculated by a program (testXpert 11.0, Zwick, Ulm, Germany) of the universal testing machine using the following formulas 28) :
E=F1l
3 /4bh 3 d where F is the maximum load (N) applied at the highest point of the stress-strain curve, l is the span length (mm), b is the width of the test specimen (mm), h is the thickness of the test specimen (mm) and d is the deflection (mm) corresponding to a load F 1 at a point in the linear portion of the trace to provide the stiffness value.
Failure mode analysis
The fracture sites were observed by the naked eye and were classified into three groups. In pattern A, both the fibers and resin were completely fractured into two parts. In pattern B, the denture base resin was completely fractured, while the fibers were partially fractured. In pattern C, the resin was completely fractured without fiber fracture and there was a delamination between the resin and the fiber layers (Fig. 3) .
Scanning electron microscopic observation
To examine the cross-sections of the fractured surface, a fractured section of a specimen in each group was embedded in acrylic resin (Ortho-Jet, Lang Dental, Wheeling, West Virginia) with the broken surface exposed. The surface was finished with a series of abrasive papers (200, 400, 600, 800, 1,200 and 2,000 grit) followed by polishing with a pan cloth with 5 μm aluminum oxide and suede cloth with 0.3 μm aluminum oxide. The cross-section of the fiber alignment and the interface between the fiber and resin were observed by scanning electron microscope (JSM-6360, Jeol Ltd.) at the magnification of 30× and 200×.
Statistical analysis
The data were analyzed with the SPSS statistical software program (version 12, Statistical Package for Social Science, SPSS Inc, Chicago, IL, USA.). The flexural strength and modulus of the control group and four experimental groups were analyzed by oneway analyses of variance (ANOVA) and the Duncan's Table 2 Failure modes of the specimens classified according to the location and the propagation of fracture lines multiple range test at the 95% confidence level to assess the statistical significance.
RESULTS
Flexural strength
As shown in Figs. 4 and 5, the unidirectional and woven groups increased the flexural strengths of the control group significantly by 216.6% and 145.7%, respectively (p<0.05), while the non-woven and paper groups did not. The flexural strengths of the unidirectional group were the highest among all the groups (p<0.05).
Flexural modulus
As in Figs. 5 and 6, all experimental groups showed significant reinforcing effects on the flexural modulus of the denture base resin (p<0.05). The flexural moduli of the unidirectional and bidirectional groups were significantly higher than those of the non-woven and paper groups, with the highest value in the unidirectional group (p<0.05). The unidirectional group increased the flexural modulus of the control group significantly by 193.1%, and the woven group increased it by 124.4%.
Failure mode
The failure modes of all specimens are listed in Table 2 . The unidirectional, non-woven and paper groups showed predominantly the complete fracture of both the denture base resin and fibers (pattern A). However, the woven group demonstrated diverse fracture aspects among which the complete resin fracture with the partial fiber fracture (pattern B) was the mainstream. Figure 7 represents the cross-sectional SEM views of the fiber-reinforced denture base resins of each group. In the unidirectional group, all of the fibers were aligned perpendicular to the fracture surface, showing round shapes ( Fig. 7(a, b) ). However, the woven group showed approximately 50% of the fibers aligned perpendicular to the fracture surface ( Fig. 7(c, d) ). The non-woven and paper groups demonstrated random fiber alignments ( Fig. 7(e, f, and g, h) ). The interface between the fiber and resin showed good bonding in all groups.
Scanning electron microscopic observation
DISCUSSION
The aim of this study was to determine which orientation of aramid fibers is most effective in reinforcing denture base resin. The flexural strength and modulus of unidirectional and woven aramid fibers were significantly higher than the non-woven and paper groups in threepoint bending mode. In addition, the unidirectional aramid fibers showed the highest reinforcing effect among all experimental groups. Therefore, the null hypothesis was rejected because the flexural properties of reinforced-denture base resin showed significant differences dependent upon the orientation of aramid fibers. This study showed that unidirectional and woven aramid fibers were more effective than non-woven and paper types in reinforcing the flexural strength and modulus of denture base resin. In the case of glass fibers, it was reported that unidirectional glass fibers had a higher reinforcing effect on denture base resin than woven glass fibers 26) . The load of the three-point bending in this study was directed perpendicular to the alignment of the unidirectional fibers in the denture base resin, resulting in the highest flexural properties. In the woven group, only 50% of the fibers were aligned perpendicular to the load, rendering its flexural properties lower than those of the unidirectional group. The random orientations, the non-woven and paper groups, showed even lower flexural properties than the woven groups due to the disorientation of the fibers in the specimens. The random orientation of the fibers in these two groups was not effective to resist the load in the three-point bending mode of universal testing machine.
The other reason can be the location of the fibers. For the maximum reinforcing effect in three-point bending mode, the fibers should be located in the tension side of the specimen 15, 23) . We could apply only one layer of non-woven and paper type fiber sheet, because when it is soaked with a mixture of polymer and monomer with a low P/L ratio for pre-impregnation, it became swollen to about half thickness of the specimen as shown in Fig.  7 (e, g ). Therefore, we had to control the fiber volume in accordance with the ready-made non-woven and woven fiber sheet that has about 3.72 and 3.38 volume percentage, respectively. In Fig. 7 , unidirectional and woven group show the fibers restricted to the bottom, tension side (a, c), while non-woven and paper group fibers are dispersed to about half thickness of the specimen (e, g). The restricted and condensed fibers to the tension side of unidirectional and woven fibers were proved to be more effective in reinforcing denture base resin. However, although the non-woven and paper-type groups showed lower flexural properties, they had some advantages over the unidirectional and woven groups.
During the pre-impregnation process of fibers with diluted denture base resin, the non-woven and papertype fibers were soaked with resin very well compared with unidirectional and woven fibers. As observed in Fig.  1(f, h) , there are more spaces between the fibers in the paper-type and non-woven groups, which could enhance the penetration of the resin monomer inside the fiber sheet. When we observed the fracture sites of the nonwoven and paper-type groups, their attachments to the denture base resin were better than the unidirectional and woven groups. In all unidirectional specimens, some of the fibers were pulled out from the denture base resin at the fracture site, and the woven group showed some delaminations between the fiber layer and the resin. On the other hand, the non-woven and paper-type groups did not show any protruding fibers or any delamination, presenting perfect bonding between the fiber layer and the resin.
From the flexural modulus, all experimental groups showed significant reinforcing effects on the denture base resin. The elastic modulus of an FRC should be between that of the fiber and the resin matrix, provided that there is perfect bonding between them 20) . If the volume of the fiber increased, it would result in a higher flexural modulus of FRC 25, 29) . ISO 20795-1:2008 specifies that the flexural strength and flexural modulus of heat-polymerizable resin should not less than 65 MPa and 2 GPa, respectively 28) . All the groups complied with these requirements. Especially unidirectional fibers increased the flexural strength and modulus of control group to about 200%. For maxillary denture, midline fracture occurs frequently and generally begins either at the labial notch or in the anterior part of the denture palate 30) . If we place the fibers perpendicular to the possible fracture line and on the tensile side of the denture, the fracture rate would decrease in the reinforced denture.
Of the different failure modes, the total fractures of the resin matrix and fibers were mainly observed in the unidirectional, non-woven and paper groups. However, the woven group showed various failure patterns. At the fracture site of the unidirectional group, most fibers were torn and twisted; this leads to the speculation that unidirectional aramid fibers resisted against the forces until they were torn, resulting in the highest flexural properties. In cross-sectional views of SEM images, all of the unidirectional fibers were aligned perpendicular to the load, meaning that 100% of the fibers participated in resisting the load in the three-point bending mode in Fig. 7 (b) . On the other hand, the woven type composed of bidirectional fibers showed only few complete fractures of both resin and fibers. The other fibers aligned parallel to the long axis of the load seemed to take part in partial fracture of fibers or delamination from the resin. It would be responsible for lower flexural properties compared with unidirectional fibers in three-point bending mode.
Denture base is a good model on which to simulate the three-point bending mode. However, three-point bending test on a universal testing machine has a limitation. It can apply force only in one direction while multidirectional and grinding forces are applied in mouth. In three-point bending mode, the fibers aligned perpendicular to the long axis of the force show higher strength than the fibers aligned parallel to that 3, 12) . However, it does not guarantee that unidirectional fibers can resist the mastication forces in mouth best, because the universal testing machine cannot simulate oral masticatory condition. Therefore, other fiber orientation reinforcement may be necessary in mouth to resist multidirectional forces applied. In this regards, the non-woven and paper groups also deserve consideration to be used in reinforcing the denture base, because the random orientation can be advantageous where the multidirectional forces are applied. If they are used in combination with other fiber orientations such as unidirectional and woven, it would result in better reinforcing effect than the unidirectional and woven fibers alone. Moreover, the non-woven and paper groups are also very easy to handle as woven group because of their fabric structure. And the large amount of air space inside the non-woven and paper groups allows easy penetration of denture base resin resulting in a good adhesion.
The paper group was prepared by grinding short aramid fibers. By adding more fibers, we can control the volume percentage as we want. The fibrils were formed on the surfaces of ground aramid fibers. The paper type fibers showed more fibrillation on the surface than nonwoven type among the random orientation ( Fig. 1 (f,  h) ). If the fibers had been ground for a longer period, more fibrillation would have occurred. If more fibrils are formed, they could enhance the bonding between the aramid fibers and the resin matrix, leading to higher flexural properties. Further investigations are ongoing to form more fibrils on the surface of the aramid fiber using various grinding methods to produce more improved paper-type fibers.
The unidirectional aramid fibers showed the highest flexural strength and modulus. However, aligning individual unidirectional aramid fibers evenly at the bottom of the specimen is technically difficult. An additional step of fixing the fibers with diluted resin was necessary in the unidirectional group to align the fibers uniformly. This step is important but also difficult, and thus, preparation of the unidirectional fibers inside the denture is technically sensitive compared to the other groups. Therefore, the woven aramid fibers may be convenient clinically because it is easy to handle the fiber sheets, and forces are applied not only in one direction but also in other directions in the mouth.
Clinically the fibers can be exposed during the adjustment of denture base. When fiber is exposed outside the denture, the exposed portion should be ground a little bit and the resin monomer should be applied at the exposed portion. Then the denture base resin of dough stage should be filled and cured.
In summary, the unidirectional orientation of aramid fibers showed the highest flexural properties, followed by the woven type among the four fiber orientations. However, due to the limitation of three-point bending mode of universal testing machine that cannot simulate the multidirectional forces, other fiber orientation may be also useful in mouth. Unlike the unidirectional aramid fibers, woven, non-woven, and paper type fiber sheets are very easy to handle and not technique sensitive. They can be applied to denture easily and especially the woven type with the second highest flexural properties can be used clinically with the resistance of the load of other directions. The good adhesive properties of nonwoven and paper type and their random orientation make them worth being considered to use in combination with unidirectional or woven type fibers clinically where multidirectional forces are applied.
Further studies are necessary using a combination of different orientations such as unidirectional fibers with woven and/or random orientations and the combination of different types of fibers, such as with glass fibers. The best result out of these further studies should be applied to the actual denture model at different location.
CONCLUSIONS
Within the limitations of the present study, the flexural strengths and flexural modulus of the unidirectional and woven groups were significantly higher than those of the random orientations, namely the non-woven and paper groups. In addition, the reinforcing effect of the denture base resin was highest when the alignment of aramid fibers was perpendicular to the load of the threepoint bending mode. Although the unidirectional group showed the highest flexural properties, the woven group might be useful in reinforcing denture base resin due to its easy application and the resistance to the forces applied from other directions. However, the non-woven and paper group showed the better adhesive properties with denture base resin. In addition, the random orientation of these groups suggests the possible use in combination with unidirectional or woven fibers in mouth where multidirectional forces are applied. In conclusion, the flexural properties of aramid fibers were determined by the orientation of fibers in a three-point bending mode. Among the four types of fiber orientations, the unidirectional was the most effective in reinforcing the denture base resin, followed by the woven groups.
